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SPECTRALLY CALIBRATABLE MULTI-ELEMENT RGB LED LIGHT SOURCE 

CROSS-REFERENCE TO RELATED APPLICATIONS 
[0001] The present application claims the benefit of U.S. provisional 
patent applications serial no. 60/455,269, entitled "Spectrally Calibratable Multi- 
Element RGB LED Light Source"; 60/455,129, entitled "Indirect Lighting System 
Architecture and Implementation"; 60/455,126, entitled "Anisotropic Etching of 
Silicon Wafer Materials to Create Micro-Reflector Cavities for LED Die"; and 
60/455,127, entitled "Micro-Strip-Line Signal and Power Buss Flexible Cable and 
Method of Using Same," each of which was filed on March 17, 2003, and for 
each of which the inventor is Michael A. Halter. The present application is further 
related to the three co-pending applications filed on even date herewith entitled 
"Indirect Lighting System Architecture and Implementation," "Anisotropic Etching 
of Silicon Wafer Materials to Create Micro-Reflector Cavities for LED Die", and 
"Micro-Strip-Line Signal and Power Bus Flexible Cable and Method of Using 
Same," the inventor for each of which is Michael A. Halter. The entire disclosure 
of each of the foregoing provisional and non-provisional applications are 
incorporated herein by reference. 

BACKGROUND OF THE INVENTION 
[0002] The present invention relates to illumination systems, and in 
particular to control systems for red-green-blue (RGB) light emitting diode (LED) 
illumination systems that allow the light temperature and intensity generating by 
the illumination systems to be dynamically calibrated. 
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[0003] LEDs are semiconductors that convert an electrical energy into 
light. Since LEDs generate relatively little heat compared to other common forms 
of lighting, such as incandescent lights, the energy conversion process 
performed by LEDs is quite efficient. This is a highly desirable trait in lighting 
systems to be used for illumination, since excessive heat production not only 
wastes electricity, but may also require extensive heat dissipation efforts and 
may even raise safety concerns depending upon the fixture installation. Some of 
the other advantages that make LEDs desirable for illumination applications 
include their small size; their relatively high radiance (that is, they emit a large 
quantity of light per unit area); their very long life, leading to increased reliability; 
and their capacity to be switched (that is, turned on and off) at very high speeds. 

[0004] While visible light LEDs have been applied in a number of fields 
since their invention in 1960, they have been used for illumination applications 
only relatively recently. One of the primary limitations in the use of LEDs in this 
field has been the difficulty of producing white light. White light consists of a 
mixture of light wavelengths across the visible light spectrum. Traditional LEDs 
cannot produce white light; instead, each LED can produce only light in one very 
narrow frequency band. It is well known that the combination of light in the three 
primary colors of red, green, and blue will produce white light. In fact, any color 
of light may be produced by the appropriate combination of light in these three 
colors. While red and green LEDs have been commercially available for 
decades, the blue LED was not developed until 1993, when it was introduced by 
the Nichia Corporation of Japan. By combining these traditional red, green, and 
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blue LEDs in a tightly coupled pattern, a crude form of white light could then be 
produced. By varying the relative intensity of the light emitted by the red, green, 
and blue LEDs, one could alter the color of light produced, thereby providing a 
light source that will generate light of any color desired. 

[0001] An alternative method of producing white light, developed by the 
Nichia Corporation in 1996, is the coating of a blue LED with a white phosphor. 
The blue LED stimulates the phosphor to generate a broad band of visible light 
emissions, thereby producing white light. This method suffers from the limitation 
that the frequency band of light produced is fixed, and cannot be altered to 
produce different lighting effects from the same LED. This method is therefore 
inappropriate for applications where different colors of light or lighting effects may 
be desired. 

[0005] In addition to the problem with producing white light, the other 
primary limitation on the use of LEDs for illumination applications has been their 
brightness, which historically was far below that of typical incandescent and 
fluorescent light sources. By 1997, however, the Nichia Corporation, along with 
Texas Instruments Incorporated of Dallas, Texas, were producing LEDs of 
sufficient brightness for many illumination applications. It thus became possible 
to provide complete illumination solutions using only LEDs in certain applications, 
such as relatively small, indoor areas. 

[0006] As already explained, a very simple system for producing white 
light with LEDs could involve the application of a pre-set current to a combination 
of red, green, and blue LEDs. It would be possible with such a system to 
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emulate, for example, the color of light produced by daylight or by a typical 
incandescent bulb. Such a simple system would not, however, allow the user to 
take advantage of the many opportunities for temperature variance made 
possible by the use of an LED illumination system. (It should be noted that light 
color is often referred to as its "color temperature" or simply "temperature," 
corresponding to the temperature of a black body that would produce light of that 
color measured in degrees Kelvin.) Since both temperature and intensity of the 
light produced by an LED illumination system may be varied simply by varying 
the amount of electrical current applied to the red, green, and blue LEDs in the 
system, many desirable illumination effects become possible that would not be 
available with incandescent lights. For example, an illumination system might 
include settings to emulate ambient lighting conditions at different times of day. 
Or the system might allow for variance in the light temperature depending upon 
application, such as applying a "cold" blue-tinged light for reading purposes, 
while allowing a "warm" red-tinged light setting to be chosen at meal times. Far 
more subtle and complex effects are possible. In order to take advantage of 
such flexibility offered by an LED illumination system, however, some form of 
electronic control system is required. 

[0007] The use of electronic control systems for the purpose of mixing 
light from red, green, and blue LEDs to produce lighting effects is known. For 
example, U.S. Patent No. 5,420,482, issued to Phares, teaches a controlled 
lighting system that includes a set of light elements each having a control unit. 
The control units are individually addressable along a data bus. Information 
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packets may be sent to each control unit by addressing each packet to match the 
address of the control unit. The data packets may contain information necessary 
to manipulate the output level of each of the light elements controlled by a 
particular control unit. In this way, the temperature and intensity of the light 
produced by each of the light elements may be manipulated by the use of digital 
information packets sent along a control bus. The system can thus produce an 
overall light output of varying temperature and intensity in response to digital 
signal inputs. 

[0008] U.S. Patent No. 6,016,038, issued to Mueller et al. and assigned to 
Color Kinetics, Inc. of Boston, Massachusetts, teaches a method of controlling 
the intensity and temperature of an RGB LED system using pulse-width 
modulated (PWM) signals generated by a microcontroller. PWM is a well-known 
technique for controlling analog circuits with the output of a microprocessor or 
other digital signal source. A PWM signal is a square wave modulated to encode 
a specific analog signal level. In other words, the PWM signal is fixed frequency 
with varying width. The PWM signal is still a digital signal because, at any given 
instant of time, the full direct current (DC) supply current is either in the*"on" or 
"off" state. The voltage or current source is thus supplied to the analog load by 
means of a repeating series of on and off pulses. The on-time is the time during 
which the DC supply is applied to the load, and the off-time is the period during 
which that supply is switched off. Given a sufficient bandwidth, PWM can be 
used to encode any analog value. 

[0009] When the power to an LED is rapidly switched on and off, variance 
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of the length of time during the on and off modes gives the effect of variance of 
the intensity of the light that is produced. As a result, a PWM signal can be used 
in place of a varying DC current to achieve intensity variance in an LED. PWM 
has numerous advantages over traditional analog control systems, including less 
heat production than analog circuits of similar precision, and significantly reduced 
noise sensitivity. Given the significant advantages that PWM control offers in 
communications and control systems applications, many microprocessors and 
microcontrollers produced today include built-in PWM signal generation units that 
may be directly applied to illumination control systems. 

[0010] A significant limitation of the control system taught by the '038 
patent, and of other prior art illumination control systems, is the inability to easily 
balance the spectral contributions of each LED source to permit each light 
module to be calibrated to match the color of a reference standard in a 
repeatable, standardized manner. The luminous and spectral content of 
commercially available LEDs varies significantly from unit to unit, in some cases 
by twenty percent or more. Because of this variability, some color balancing 
must take place in order to produce LED light fixtures of precisely consistent 
color temperature and intensity. While this level of precise light control is not 
necessary for many applications, such as the production of many lighting effects, 
this capability is critical in certain illumination applications, such as the 
illumination of small, interior spaces. In these applications, consistency in color 
and color temperature from lighting module to lighting module is very important. 
Where multiple LED lights or modules of LED lights are to be adjoined end to end 
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or otherwise in close proximity to each other and are used to provide light over 
an area, the system must be balanced such that each LED light or module is 
producing light with the same temperature and intensity as other LED lights in the 
grouping. Otherwise, a visually noticeable variation in color and intensity of light 
output will be produced over the surface of the area to be illuminated. By 
allowing the light output of LED modules to be calibrated to match that of a 
reference standard, a control system could be configured to precisely produce 
light of a known temperature and intensity over the desired area. 

[001 1] The control system taught by the '038 patent does not allow for 
configuration or balancing of the light temperature and intensity between LEDs in 
a grouping or between LED groupings. In that controller, a simple current sink is 
used to drive the LED modules. The current sink is implemented using 
Darlington transistor pairs from a high current/voltage Darlington driver. The 
function of the current sink is to switch current between the LED module sets and 
system ground. The base of each Darlington pair is coupled to signal inputs. 
When a high-frequency square wave (PWM signal) is incident on a signal input, 
the Darlington transistor pair current sink switches current through a 
corresponding LED node with the identical frequency and duty cycle of the 
original PWM signal. This allows each color of LED to be varied in intensity 
independent of the other LED colors in a node. But the state of each signal 
output directly correlates with the opening and closing of the power circuit 
through the respective LED modules. The result is that the power to each LED 
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set is controlled by the signal inputs, and the power circuit switching is performed 
at a frequency and duty cycle identical to that of the signal input. 

[0012] The maximum current value that may be applied to each LED 
module as taught in the '038 patent is set by the use of static resistors added to 
each control circuit. The impedance value of these resistors can be altered only 
by replacing a resistor with one of a different impedance value. Because the 
current value applied to each of the LEDs is static when the LED is "on," the 
controller lacks the functionality to electronically calibrate the temperature and 
intensity of LEDs with respect to each other or with respect to a known standard 
value. 

[0013] Because the control system taught by the '038 patent does not 
effectively allow calibration across the lighting system, it is ineffective as a control 
system for an LED lighting illumination system that comprises a plurality of RGB 
groupings. What is desired then is a controller for an RGB LED lighting system 
that allows for the calibration of the temperature and intensity of the light 
produced by LED arrays within the lighting system. Such a controller would 
ideally be capable of calibrating LED arrays with respect to other LED arrays in a 
single light source, such as when used to produce light of varying color in an 
RGB method, and capable of calibrating LED arrays with respect to a known 
reference standard source for purposes of matching of LED arrays within a 
grouping of such arrays. The present invention achieves these objectives as 
described below. 
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BRIEF SUMMARY OF THE INVENTION 
[0014] The present invention is directed to a lighting system that includes 
the capability to electronically calibrate the temperature and intensity of LED 
arrays within a single light source, and each of the LED arrays with respect to 
other LED arrays in a multi-array module or grouping. This capability is achieved 
by the implementation of a control system that eliminates the dependency of LED 
array current on supply voltage, and includes a programmable current source to 
permit the current through the LEDs to be electronically programmed to a known 
intensity. In a particular embodiment, a "series-pass" regulator may be used to 
achieve the current regulation function. In a series-pass regulator, a dynamic 
load is placed in series with the load to be regulated, in this case being an LED 
array. In one specific embodiment of the present invention, a high-gain amplifier 
is used in a feedback circuit with a sense resistor to implement the current 
regulator. The sense resistor is used to determine the current through the load at 
any given moment by measuring the voltage drop across the resistor. This 
voltage drop is compared to a reference voltage by the amplifier, which then 
feeds current to the dynamic load. The reference voltage is provided to the 
amplifier by a digital-to-analog converter. The use of a digital-to-analog 
converter permits the reference voltage and therefore the current through the 
dynamic load to be controlled by way of serial communications to the digital-to- 
analog converter. At a minimum reference voltage the voltage drop across the 
dynamic load goes to a minimum value or "drop out" voltage, while at higher 
reference input voltages the voltage drop across the dynamic load increases so 
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as to maintain a fixed current through the LED array. The total LED array current 
can therefore be digitally programmed by adjusting the output voltage of the 
digital-to-analog converter via the serial communications port of the digital-to- 
analog converter. 

[0015] The lighting system with the controller described herein possesses 
a number of important advantages over prior art LED lighting system controllers. 
First, the current regulator allows the individual LEDs to operate at maximum 
drive current at all times, thereby increasing the maximum flux of the LEDs to 
meet lighting flux requirements. Second, the current regulator prevents the 
forward current through the LEDs from exceeding the LED maximum internal 
junction temperatures and maximum DC forward currents under worst-case 
conditions of ambient temperature and input voltage. This allows the lighting 
system of the present invention to operate in hostile environments where ambient 
temperature and input power quality may vary. Third, this control system allows 
the dimming of each LED array individually from 0% to 100% intensity. This 
feature permits the creation of various hues of light by varying the ratios of light 
from each color of LED as well as permits the dimming of the resultant colors. 
And finally, as already explained, this control system allows temperature and 
intensity matching between LEDs within a fixture or module and between fixtures 
or modules. This feature is essential in ensuring that all lighting modules 
produce the same color and intensity of light at a given duty cycle. This feature 
also permits a reference or "golden" light source to be established and all 
modules calibrated to this standard prior to shipment in a fixture for installation. 
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[0016] These and other features, objects and advantages of the present 
invention will become better understood from a consideration of the following 
detailed description of the preferred embodiments and appended claims in 
conjunction with the drawings as described following. 

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWINGS 
[0017] Fig. 1 is a diagram showing the configuration of an LED light 

module according to a preferred embodiment of the present invention. 

[0018] Fig. 2 is a block diagram of the logical elements of a control 

system for an LED light module according to a preferred embodiment of the 

present invention. 

[0019] Fig. 3 is a circuit diagram of the current regulation feedback portion 
of the control system for an LED light module according to a preferred 
embodiment of the present invention. 

[0020] Fig. 4 is a circuit diagram of the digital-to-analog converter portion 
of the control system for an LED light module according to a preferred 
embodiment of the present invention. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 
[0021] With reference to Figs. 1-4, a preferred embodiment of the present 
invention may be described. The preferred embodiment described herein is part 
of a lighting system for use as "wash" lights in the cabin sections of an aircraft or 
watercraft. Wash lights are intended to provide evenly dispersed background 
light to cover a defined indoor area. It should be understood, however, that the 
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present invention is not limited to this particular application or these particular 
application environments. Other applications for the present invention in aircraft 
and watercraft include without limitation dome lights, reading lights, accent lights, 
galley lights, vanity lights, closet lights, baggage lights, and stair lights. Other 
application environments may include without limitation building indoor lighting, 
portable light sources, visual effects lighting, product display lighting, and 
marquis lighting. 

[0022] As shown in Fig. 1 , the invention comprises one or more wash light 
modules 10. Each of the wash light modules 10 are comprised of six silicon 
wafers 12 containing eight chip-on-wire LED units. The construction and 
specification of these chip-on-wire LEDs is explained more fully in the co-pending 
application filed of even date herewith entitled "Anisotropic Etching of Silicon 
Wafer Materials to Create Micro-Reflector Cavities for LED Die," which has been 
incorporated by reference herein. Each of the silicon wafers 12 contains four 
green LED die 14, arranged in a series-parallel arrangement with two die being 
wired in series. Each of the silicon wafers 12 also contain two red LED die 16 
wired in series and two blue LED die 18 wired in series. By varying the relative 
current applied to each of the four green LED dies 14, two red LED dies 16, and 
two blue LED dies 18, any color of light may be created by each of the silicon 
wafers 12. As will be explained in more detail below, the use of an eight-bit 
controller in the preferred embodiment allows each light module 10 to produce 
light in over sixteen million different colors. 
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[0023] Each of the wafers 12 are housed in a thermally conductive 
package 20 that functions as a heat sink or heat spreader for the silicon wafers 
12. The heat spreader 20 is in turn laminated to a printed circuit board material 
22 that contains gold wire bond pads (not shown) for connection to the silicon 
wafers 12. Board 22 also contains electronic circuitry to provide control functions 
to each wash light module 10 as will be described below. 

[0024] To eliminate dependency of array current on both supply voltage 
and temperature and forward Voltage variations between LED die, the preferred 
embodiment utilizes a current regulator. Constant current regulation allows the 
LED dies 14, 16, and 18 to be driven at higher forward currents at the design 
voltage without exceeding the maximum allowable forward current since the drive 
current doesn't increase due to over voltage conditions. This general type of 
circuit is sometimes referred to as a "series-pass" regulator. The circuit uses a 
dynamic load in series with the load being regulated to achieve this effect. 

[0025] A preferred embodiment of the current regulator is graphically 
illustrated in Fig. 2. Power unit 32 provides electrical power to energize LED 
array 26. Each LED array 26 is composed of one or more of LED dies 14, 16, 
and 18 as described above. The core component of the current regulator is high- 
gain amplifier 24, which is connected to drive 34 in a feedback circuit. Amplifier 
24 functions to vary the dynamic load of the power circuit that includes LED array 
26 by means of its output to drive 34. Amplifier 24 measures the current through 
the load by measuring the voltage drop across current sensor 28, in series with 
drive 34, through the current sensor output. The voltage at current sensor 28 is 
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measured against the voltage at system ground 36. Amplifier 24 then compares 
the voltage at current sensor 28 with an adjusted reference voltage signal from 
Digital-to-Analog Converter (DAC) unit 40. DAC unit 40 functions to generate an 
adjusted reference voltage based on the reference voltage from reference 
voltage source 30, in a manner that will be described below. Amplifier 24 thus 
generates an amplifier output signal to drive 34 that is appropriate to keep the 
adjusted reference voltage from DAC unit 40 equal to the voltage drop across 
current sensor 28. At minimum adjusted reference voltage values, the voltage 
drop across the dynamic load, as fed through drive 34, goes to a minimum value 
(drop out voltage). At higher values of the adjusted reference voltage, the 
voltage drop across the dynamic load increases so as to maintain a fixed current 
through LED array 26 and the other components of the load. The total current 
through LED array 26 will thus be independent of supply voltage, temperature 
and forward voltage variations in the LED Array 26 as long as the current 
regulator remains in the active region for the particular components selected to 
implement amplifier 24 and current sensor 28. 

[0026] Also shown in Fig. 2 is controller 45, which in the preferred 
embodiment is responsible for generating control signals necessary to operate 
light module 10. Controller 45 comprises three functional units for generating 
control signals, namely, Pulse Width Modulation (PWM) communications unit 38, 
Serial Peripheral Interface (SPI) communications unit 42, and Inter-Integrated 
Circuit (l 2 C) communications unit 46. PWM unit 38, SPI unit 42, and l 2 C unit 46 
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may be implemented using hardware, firmware, software, or a combination of 
these elements. 

[0027] PWM unit 38 provides the "on" and "off" PWM signal fed to 
amplifier 24 to control LED array 26. Digital-to-Analog Converter (DAC) unit 40 
feeds the adjusted reference voltage into amplifier 24, and allows light module 10 
to be calibrated in a manner as will be described further below. The PWM signal 
from PWM unit 38 is active (on) high. Grounding the PWM signals from PWM 
unit 38 will turn off LED array 26. By rapidly turning amplifier 24 on and off 
through the use of PWM unit 38, the perceived intensity of the light produced by 
LED array 26 may be varied. Three PWM signals are needed to drive each LED 
array 26, one for each color red, green, and blue, corresponding to LED arrays 
14, 16, and 18, on each wafer 12 of light module 10. 

[0028] Serial Peripheral Interface (SPI) unit 42 allows communication 
between the system and the microcontroller. SPI is a well-known, industry 
standard communications protocol. SPI provides synchronous serial interface for 
control and data transfer between a master and one or more slave units. An SPI 
interface consists of four ports: serial clock (CLK), chip select (CS), serial input 
(SI), and serial output (SO). (Note that these inputs are not shown in Fig. 2, but 
their use in a preferred embodiment of the present invention is shown in Fig. 3 
and described below.) The serial clock is the input for the master clock signal, 
which determines the speed of the data transfer. The chip select (CS) activates 
the SPI interface; when the CS value is high, the interface will not accept the 
clock signal or data. Serial input (SI) receives serial information into a shift 
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register on the rising edge of the serial clock, and the serial output (SO) port 
shifts out data serially on the falling edge of the serial clock signal. SPI unit 42 
allows the use of daisy-chaining with slave devices, as in the case of the LED 
light modules 10 in the present invention. 

[0029] EEPROM unit 44 provides permanent, non-volatile storage for 
calibration and system information. This information includes but is not limited 
to the calibration data for each of the five LED chains, the serial number for the 
module, the date and location of manufacture, and the date of last calibration. 
The calibration data in EEPROM unit 44 is used to manipulate the power to each 
corresponding LED array 26 above or below a baseline level in order to 
compensate for the variances in the LED array 26 intensity from device to device. 
EEPROM unit 44 also provides a storage location for the necessary information 
that allows each LED array 26 to be addressed separately on the lighting system 
network. 

[0030] EEPROM unit 44 includes a communications connection provided 
by an Inter-Integrated Circuit (l 2 C) unit 46. I 2 C is a well-known, industry standard 
serial communications protocol using a two-wire, bi-directional bus. I 2 C interface 
46 is used to write and read information from the EEPROM unit 44 on each 
module 10. By utilizing I2C unit 46, each corresponding LED array 26 can be 
tuned according to a standardized light source as described below through the 
writing of data across l 2 C unit 46 into EEPROM unit 44. In addition, information 
can be written across l 2 C unit 46 into EEPROM unit 44 identifying the date of the 
last calibration of the corresponding LED light module 10. 
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[0031] One of the design goals in the preferred embodiment was to 
minimize the number of connections necessary from the LED module 10, which 
results in a cost reduction in manufacture. Towards this end, no addressing pins 
were included in the interconnection scheme. Without addressing pins, it 
became necessary to communicate with each LED module 10 independently, as 
there was no way of distinguishing them apart on the bus formed by the l 2 C 
interface 46. Thus, the microcontroller (not shown) drives four independent l 2 C 
interface 46 busses. As the microcontroller does not have integrated hardware 
capable of performing communications according to the l 2 C interface 46 protocol, 
these communications are handled in software executed on the microcontroller. 

[0032] The main power bus for the preferred embodiment of the invention 
is a single +28V/GND pair, as shown in Fig. 2 as power unit 32. As most of the 
circuitry in each of the LED modules 10 and the controller board (not shown) is 
run at +5V, a power regulator (not shown) must be included on the controller 
board to generate the +5V. In the preferred embodiment, the power supply on 
the controller boards is a switching regulator powered by a National 
Semiconductor LM2674 regulator. This chip is capable of delivering 500 mA of 
current at +5V. The operation of this circuit is described in greater detail in the 
LM2674 datasheet and related supporting documentation from National 
Semiconductor, which is incorporated herein by reference. Other power 
regulators are available that could be substituted to provide the 500 mA of 
current at +5V required in the preferred embodiment of the present invention. 
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[0033] Turning now to Fig. 3, a particular circuit implementation for the 
current regulator according to the preferred embodiment of the invention may be 
described. Power is provided to the circuit in the form of a twenty-eight volt 
(+28V) source (not shown) across VLED pin 48 and system ground 50. The LED 
chain, comprised of LED units 52A, 52B, and 52C, consists of multiple LEDs, 
arranged such that the overall forward voltage is somewhat lower than the supply 
voltage. The headroom is needed to allow proper current control. It should be 
noted that in the actual implementation of the preferred embodiment there are 
two green LED chains, one blue LED chain, and one red LED chain per LED 
module 10, but only a portion of these (and a portion of the supporting circuitry 
and electronics) are shown in Fig. 3 for reasons of clarity. 

[0034] The current sensor is simply a static resistor, represented by 54A 
and 54B. In an effort to preserve voltage headroom and reduce power 
consumption, the resistance is calculated such that a 500mV drop will occur at 
the nominal current level through the LED chain formed by each of LED units 
52A, 52B, and 52C. For example, if a nominal current of 20mA was desired 
through an LED chain, a resistor 54A or 54B of 500mV/20mA or 25 ohms would 
be used. To improve circuit consistency, these resistors preferably should be 
selected from those of the type that have a 1 % or better tolerance. Such 
resistors are well known in the art. It is also desirable to use resistors with high 
temperature stability (that is, low drift) to avoid brightness and/or color shift with 
temperature. Again, such resistors are well known and widely available 
commercially. 
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[0035] The drive unit of the preferred embodiment for each LED chain 
formed by LED units 52A, 52B, and 52C is accomplished using a general- 
purpose NPN transistor, such as the industry-standard 2N4401 integrated circuit 
produced by a number of manufacturers. This transistor is arranged in a low- 
side configuration, as illustrated in Fig. 3 as transistors 56A and 56B. Increasing 
the voltage on the drive will, as a result of the function of these devices, cause an 
increase in current through the LED chain formed by each of LED units 52A, 
52B, and 52C. It should be noted that the current sense resistors 54A and 54B 
are electrically connected to the emitters of the drive transistors. This has 
several implications, but two are particularly worthy of note. First is the effect of 
reducing the gain of transistors 56A and 56B. This is a desirable effect in this 
application because it serves to limit oscillations in the drive due to high gain, 
improving the stability of the circuit. Secondly, putting the sense resistors 54A 
and 54B on the emitter introduces a complication in the current sensing. Since 
the base current going into the transistor also exits the emitter, the voltage on the 
emitter resistor is bolstered somewhat by the base current. Since transistors 56A 
and 56B are operating towards their linear region, the error percentage is 
relatively constant, and one can simply compensate by adjusting the calibration 
of the unit slightly higher. Experiments in the development of the preferred 
embodiment of the present invention have revealed that the base current in this 
case is somewhat less than 1 % of the total current being sensed at sense 
resistors 54A and 54B. 
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[0036] The operational amplifiers (op-amps) 58A and 58B provide a 
means of maintaining a specific current flow through the LED chains formed by 
LED units 52A, 52B, and 52C. They perform this function by monitoring the 
voltage from the current sense resistors 54A and 54B, respectively, and adjusting 
their output to the drive transistors 56A and 56B until the voltage from the current 
sense resistors 54A and 54B matches the reference voltage from DAC unit 40, 
which is illustrated in Fig. 3 as input at pins 60A and 60B, respectively. Series 
resistors 64A and 64B are placed between the op-amps 58A and 58B and drive 
transistors 56A and 56B, respectively, to improve the response of the circuit. 
Resistors 64A and 64B reduce the base current feeding drive transistors 56A and 
56B, and thus limit the current through the LED chain formed by each of LED 
units 52A, 52B, and 52C. The op-amps 58A and 58B are thus required to use 
more of their output range to accomplish the drive task, minimizing the effects of 
noise and transients in the circuit. This arrangement also prevents op-amps 58A 
and 58B from overreacting, reducing any overshoot current through the LED 
chain formed by each of LED units 52A, 52B, and 52C. 

[0037] Brightness control in the preferred embodiment of the invention is 
accomplished through the use of pulse-width modulation (PWM), with three PWM 
signals being used, one for each of the three LED colors, red, green, and blue. 
These PWM signals originate from the controller, implemented in the preferred 
embodiment of the present invention as a microcontroller on the controller board 
(not shown in Fig. 3). The microcontroller used in the preferred embodiment is 
an T89C51CC01UA-7CTIM manufactured by ATMEL Corporation of San Jose, 
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California. The PWM signals from the microcontroller are fed into the shutdown 
pins 62A and 62B on op-amps 58A and 58B, respectively. The microcontroller 
has five counters capable of generating PWM output, but only three of these are 
implemented to generate the PWM signals to drive each of the LED units 52A, 
52B, and 52C. The frequency of the microcontroller PWM output has been set 
such that the PWM signal is occurring at 400 Hz in the preferred embodiment. 
One of the advantages of choosing this frequency is that the Federal Aviation 
Administration (FAA) electromagnetic (EM) emission requirements are less 
stringent at this frequency, since it coincides with the frequency of operation of 
aircraft generators. The output drive from the microcontroller is fairly weak, so it 
is necessary to buffer these signals before fanning out to the individual LED 
modules 10. Such buffering may be accomplished in a manner as is well known 
in the art. When op-amps 58A and 58B are disabled by a "low" signal through 
shutdown pins 62A and 62B, their output goes to a high-impedance state, 
effectively shutting off the corresponding generation of colored light from the 
LEDs in LED units 52A, 52B, and 52C. Rapid cycling of the PWM signal 
generates the effect of light of a particular intensity from each of LED units 52A, 
52B, and 52C, generating an overall light output from each light module 10 of a 
desired temperature and intensity. 

[0038] Turning now to Fig. 4, a particular circuit implementation for the 
digital-to-analog converter (DAC) unit 40 according to the preferred embodiment 
of the invention may be described. DAC chip 66 is used to provide a calibration 
mechanism for the circuit. In the preferred embodiment, DAC chip 66 is the 5258 
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DAC chip available from Maxim Integrated Products of Sunnyvale, California. A 
number of other such integrated circuits are available to accomplish the same 
function, and could be substituted in the preferred embodiment of the invention. 
Transmission of intensity data to DAC chip 66 is accomplished through a 
pseudo-SPI interface (pins 66a, 66b, 66c, 66d) of DAC chip 66. Pin 66a 
corresponds to the SPI interface CS input, pin 66b corresponds to the SPI 
interface CLK input, pin 66c corresponds to the SPI interface SI input, and pin 
66d corresponds to the SPI interface SO output. Pins 66a, 66b, and 66c 
interface with the system microcontroller, which includes the SPI unit 42. The 
protocol of the SPI messaging is well known in the art, and is described in the 
Maxim MAX5258/5259 datasheet, which is incorporated herein by reference. 
The microcontroller uses the SPI interface 42 to communicate with the DAC chip 
66 on each of the LED modules 10. The modules 10 are arranged in a daisy- 
chain configuration to allow a single SPI bus to send data to all modules 10 on a 
particular controller board matched with a particular microcontroller. The method 
of daisy-chaining devices using SPI interface 42 is known in the art, and is further 
explained in the Maxim MAX5258/5259 datasheet. The chip select (CS) and 
clock (CLK) lines, pins 66a and 66c, respectively, are driven in parallel to all LED 
modules 10 attached to the controller board. The data lines are daisy-chained 
from SO (pin 66d) of one module 10 to the SI input (pin 66c) of the next LED 
module 10. Because of the internal functioning of the eight-bit shift register 
within DAC chip 66, data being shifted is delayed by 16 clock cycles as it passes 
through DAC chip 66. 
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[0039] The analog outputs from each DAC chip 66 are supplied to op- 
amps 58A and 58B as reference voltages, which are then compared to the 
current sense voltages at sense resistors 54A and 54B as described above. 
Since there are five LED chains in the preferred embodiment (two of which have 
been omitted from the drawings for clarity), only five of the eight outputs from 
DAC chip 66 are used. Pins 66e, 66f, 66g, 66h, and 66i correspond to the B, C, 
E, F, and G outputs of DAC chip 66, respectively. The five outputs that are 
selected were chosen based simply on ease of printed circuit board routing, and 
any five of the eight outputs could be chosen in alternative embodiments as 
desired. 

[0040] The reference voltage value for DAC chip 66 is based on the 
desired sense resistor 54A and 54B voltage. Since in the preferred embodiment 
the target voltage for current sense resistors 54A and 54B was 500mV, a 
reference voltage of 1 V was selected to allow DAC chip 66 to adjust the current 
through the LED chain from 0% to 200% of the nominal value. Adjustment 
resolution is approximately 0.8% of nominal current level per increment. This 
reference voltage may be adjusted depending on the desired range of calibration 
and the desired resolution. It should be noted that in the preferred embodiment 
some overhead was preserved to allow older, dimmed LED light modules 10 to 
be recalibrated back to original factory brightness. This is an important 
consideration given the long life expectancy of light modules 10 due to their solid 
state design. 
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[0041] Precision voltage reference diode 68 forms the heart of a shunt 
voltage reference for the preferred embodiment of the invention. Resistor 70 
provides a shunt to drop the voltage from the input of five volts (+5V) at input 72 
to the diode 68 value of 1 .225V. Static resistors 74 and 76 form a resistor ladder 
to present a voltage of approximately 1 V to the REF input (pin 66j) of DAC chip 
66. Other values of precision reference may be used, provided the resistor 
ladder values are adjusted to allow a 1 V reference signal to DAC chip 66. It 
should be noted that the precision reference should have good temperature 
stability (low drift) to avoid brightness shift in the lights with temperature. 

[0042] Negative Temperature Coefficient (NTC) thermistor 78 is intended 
to provide some protection against overheating. At nominal temperatures, the 
higher impedance of thermistor 78 will have little effect on the resistor ladder 
formed by resistors 74 and 76. At elevated temperatures, however, thermistor 78 
will begin to lower the resistance of the lower leg of the ladder, thereby lowering 
the voltage present at the REF input (pin 66j) of DAC chip 66. The DAC chip 66 
in turn will lower all of its analog outputs (such outputs used in this application 
being pins 66e, 66f, 66f, 66h, and 66i) proportionally, thus lowering the current in 
each of the LED chains through LEDs 52A, 52B, and 52C, and therefore 
reducing the power consumption (and heat generated) by the LED light module 
10. The impedance value of 20,000 ohms called for in the preferred embodiment 
of thermistor 78 is an estimation based on an approximately ten to one (10:1) 
impedance ratio with static resistor 76, which in the preferred embodiment is set 
at a value of 2,200 ohms. 
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[0043] Having described the various components and interconnections of 
the controller board and light module 10 of a preferred embodiment of the 
present invention, the method of providing test and calibration functions with 
respect to each light module 10 of the preferred embodiment will now be 
described. In order to compensate for variations in LED light output (as well as 
component values), all LED modules 10 must be calibrated to obtain a uniform 
light output across each LED module 10 grouping. For example, in the preferred 
embodiment, a grouping may be a line or grid of "wash" lights in an aircraft or 
watercraft cabin, which must be of uniform temperature and intensity in order to 
avoid light and dark spots, or spots of varying color, across the cabin. It should 
be noted that it may be desirable at times to produce certain effects with wash 
lights, but in order to produce a reproducible and precisely predictable effect the 
light modules 10 must nevertheless be calibrated with respect to each other so 
that the desired effect is achieved. This calibration is ideally handled during the 
final testing stages in production and installation of the preferred embodiment of 
the invention, while periodic calibration may be performed from time to time 
thereafter. In addition, it is important that each light module 10 produce light that 
is precisely calibrated to a reference standard, so that targets for light color and 
temperature may be met without adjustment and testing each time a change in 
light color and temperature is desired. 

[0044] In order to perform this calibration, a dedicated tool for testing and 
calibrating the LED modules 10 is required in the preferred embodiment of the 
invention. The calibration tool connects to a standard personal computer (PC) 
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running software to control the testing apparatus and log performance data. 
Software running on the PC will perform light output measurements from each 
module 10 via the light intensity sensor on the calibration tool; such sensors are 
known in the art and are commercially available. 

[0045] The first task the testing apparatus and software will attempt to 
perform is to establish communication with the LED module 10 of interest. 
Established communication is based on current measurements, as well as data 
being written to and read from EEPROM unit 44. Abnormally high (or low) 
current, or a failure to read back values written to EEPROM unit 44, would 
indicate either a misinserted or a failed LED module 10. Once communication 
has been established, the testing software on the PC will write manufacturing 
data and a serial number to EEPROM unit 44 on the LED module 10. This 
information will also be logged on the PC by the testing software: 

[0046] Once the testing software on the PC has verified communication 
with the LED module 10 and written the manufacturing info and serial number to 
EEPROM unit 44, it will attempt to calibrate the light output of module 10 to 
predetermined levels. It will do this by setting DAC unit 66 calibration and then 
reading the light output measured at the light sensor of the calibration tool. DAC 
unit 66 calibration will be adjusted according to the readings obtained from the 
light sensor of the calibration tool, and the test repeated. Once the software on 
the PC obtains a light reading that is within the prescribed output range, it will 
certify the module 10 and the operator will remove it from the test fixture. 
Performance data is also logged during the process. 
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[0047] The present invention has been described with reference to certain 
preferred and alternative embodiments that are intended to be exemplary only 
and not limiting to the full scope of the present invention as set forth in the 
appended claims. 
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